There have been conflicting reports on the requirement of GSK-3b-mediated phosphorylation of the tumor suppressor adenomatous polyposis coli (APC) vis-a`-vis its ability to bind and degrade b-catenin. Using a unique combination of loss of function for Shaggy/GSK-3b and a gain of function for human APC in Drosophila, we show that misexpressed human APC (hAPC) can still sequester Armadillo/b-catenin. In addition, human APC could suppress gain of Wnt/Wingless phenotypes associated with loss of Shaggy/GSK-3b activity, suggesting that sequestered Armadillo/b-catenin is non-functional. Based on these studies, we propose that binding per se of b-catenin by APC does not require phosphorylation by GSK-3b.
A multi-molecular complex including adenomatous polyposis coli (APC), Axin and the serine-threonine kinase GSK-3b, is involved in the phosphorylation of b-catenin, the transducer of Wnt signaling pathway, leading to its degradation. Interestingly, APC is also a substrate of GSK-3b activity. Previous studies have suggested that GSK-3b phosphorylates APC following a priming phosphorylation by CK-1e and this phosphorylation is important for binding b-catenin (Rubinfeld et al., 1996 (Rubinfeld et al., , 2001 Xing et al., 2004; Liu et al., 2006) . In contrast, other studies suggest that phosphorylation of APC may help it to remove phosphorylated b-catenin from Axin in the complex for further degradation (Ha et al., 2004) or phosphorylation of APC is a consequence of very high levels of b-catenin leading to its cytoplasmic sequestration (Seo and Jho, 2007) . However, all these observations are based on in vitro studies. Here, we have studied APCb-catenin interactions in vivo in the presence and absence of GSK-3b.
Drosophila provides a suitable in vivo system to study such interactions. We had earlier reported a transgenic Drosophila model expressing human APC (hAPC) that enables functional studies on hAPC in a heterologous system (Bhandari and Shashidhara, 2001 ). We had reported that (i) misexpressed hAPC can suppress phenotypes associated with loss-of-function mutations in the Drosophila homologue of APC (dAPC1) and (ii) hAPC is able to suppress phenotypes induced by the overexpression of the activated or degradation-resistant form of Armadillo (ARM/b-catenin), the Drosophila homologue of b-catenin. Furthermore, all the three amino acids in b-catenin that are critical for binding to APC (Arginine 386, Lysine 345 and Tryptophan 383 of human b-catenin; von Kries et al., 2000) are conserved between Drosophila and human b-catenins. This allows in vivo genetic analyses of hAPC function in a heterologous system. Interestingly, hAPC when overexpressed in Drosophila imaginal discs sequesters ARM/b-catenin only in regions of active Wnt signaling (for example, dorsoventral boundary of wing imaginal discs), wherein activity levels of Shaggy (Sgg/GSK-3b; the Drosophila homologue of GSK-3b) are supposed to be the lowest. When both Sgg/ GSK-3b and hAPC are misexpressed together, human APC fails to sequester ARM/b-catenin (Bhandari and Shashidhara, 2001 ). This behavior has been validated in different genetic backgrounds of increased or decreased levels of Sgg/GSK-3b activity (Prasad et al., 2003; Bajpai et al., 2004) . The previous observations suggest that at low levels of Sgg/GSK-3b activity, overexpressed hAPC binds and sequesters ARM/b-catenin, while at high levels of Sgg/GSK-3b activity, overexpressed hAPC binds and degrades ARM/b-catenin. As residual Sgg/GSK-3b in the D/V boundary may still be phosphorylating hAPC, one must examine hAPC function in a background that completely removes Sgg/GSK-3b activity.
Different forms of hAPC used in this study are schematically shown in Figure 1a . Misexpression of full length (hAPC/FL) or b-catenin binding region (hAPC/ CBD) of hAPC sequesters ARM/b-catenin in wing imaginal discs in regions of high Wnt signaling. For example, when hAPC/CBD is expressed along D/V boundary using vg-GAL4 driver, uniform sequestration of ARM/b-catenin is seen all along the D/V boundary ( Figure  1c 0 ). When hAPC/CBD is expressed all over the posterior compartment using en-GAL4 driver, ARM/b-catenin sequestration is seen along the D/V boundary of only the posterior compartment (Figure 1d 0 ). Similar patterns of ARM/b-catenin sequestration are observed when hAPC/ FL is expressed using vg-, en-or hh-GAL4 drivers (data not shown). The truncated form of hAPC (hAPC/MCR) that included all 15-amino acid repeats and only the first 20-amino acid repeat (Figure 1a) , however, did not show any detectable ARM/b-catenin sequestration (data not shown). We also analysed ARM/b-catenin localization along the apico-basal axis of epithelial cells of the wing disc. In wing columnar epithelial cells, ARM/b-catenin is primarily subapical even when its levels are relatively higher in cells (for example, D/V boundary) with active Wnt signaling ( Figures  1f and g ). Overexpression of hAPC/FL or hAPC/CBD caused increased levels of ARM/b-catenin in sub-apical regions of the cells and also its increased levels in basal regions of the cell (Figures 1i and j) . The wild-type pattern of ARM/b-catenin localization was not affected, either qualitatively or quantitatively, when hAPC/MCR was misexpressed ( Figure 1h ).
As described above, expression of hAPC along the D/V boundary of the wing imaginal disc leads to uniform sequestration of ARM/b-catenin along the D/V boundary ( Figure 1c 0 ), wherein due to high levels of Wnt signaling, Sgg/GSK-3b activity is low. We tested the same in a background, where GSK-3b activity is totally eliminated. We generated mitotic clones of sgg M11 (Perrimon and Smouse, 1989) in the background of UAS-hAPC/CBD and vg-GAL4. We observed that sequestration of ARM/ b-catenin along the D/V boundary by hAPC/CBD is unaffected even when the function of sgg/GSK-3b is totally eliminated (Figure 2b ). along the Z-axis in the anterior (f) and posterior (g) compartments of a wild-type wing disc. Note that ARM/b-catenin is mainly subapical in its intracellular localization. (h-j) Optical sections along the Z-axis in the posterior compartment of wild-type wing discs expressing hAPC/MCR (h), hAPC/FL (i) and hAPC/CBD (j) using en-GAL4. Overexpression of hAPC/MCR has no effect on the levels and localization of ARM/b-catenin. Overexpression of either hAPC/FL or hAPC/CBD causes increased levels of ARM/ b-catenin, which is localized both apically and basally. Arrowhead in f-j indicates the position of D/V boundary. UAS-hAPC/FL (full-length hAPC) and UAS-hAPC/CBD (comprises of residues from 959 to 1870 of hAPC) are reported in Bhandari and Shashidhara (2001) . UAS-hAPC/MCR (comprises of only first 1315 residues of hAPC) was generated in this study. The full-length hAPC cDNA clone in pBlue-Script (Kinzler et al., 1991) was digested with EcoRV followed by partial digestion with PvuII. The resultant 6.8 kb fragment was self-ligated. From this subclone, partial cDNA of hAPC was released by NotI and XhoI digestion and sub-cloned into pUAST vector. Transgenic lines were generated using standard methods.
Next, we examined the effect of removal of sgg/GSK-3b from regions of wing disc that normally are not exposed to high Wnt signaling. We observed increased levels of ARM/b-catenin in loss-of-function mitotic clones of sgg/ GSK-3b in the wing pouch compared to other areas in the wing pouch except in the D/V boundary, wherein the levels of ARM/b-catenin are already high due to elevated levels of Wnt signaling (Figure 2e) . We observed relatively similar increase in the levels of ARM/b-catenin in lossof-function mitotic clones of sgg/GSK-3b, irrespective of their location in the anterior, posterior, dorsal or ventral quadrant of the wing pouch (total n ¼ 104). These mitotic clones do not appear to cross the anterior-posterior (A/P) compartment boundary as judged by the straightness of their margins when located along the boundary (Figure 2e ). This phenomenon helps us to analyse the anterior and posterior clones separately and compare them.
Overexpression of hAPC/CBD outside the D/V boundary in the wing pouch, wherein there is relatively low level of Wnt activity (and thereby retain high levels of GSK-3b activity), does not lead to detectable sequestration of ARM/b-catenin (Figure 1d 0 ). We generated mitotic clones of sgg M11 in the background where hAPC/CBD or hAPC/FL is expressed in the entire posterior compartment of the wing imaginal disc with the help of en-GAL4 or hh-GAL4 driver, respectively. This allowed us to compare, in the same imaginal disc, levels of ARM/b-catenin in loss-of-function mitotic clones of sgg/GSK-3b in the presence (posterior compartment) and absence (anterior compartment) of hAPC. We observed very high levels of ARM/b-catenin in clones of sgg M11 in the posterior compartment compared to the levels in the corresponding clones of sgg M11 in the anterior compartment for both hAPC/CBD (Figures 2h and 3b ) and hAPC/FL (Figure 3d) .
We then compared the sub-cellular distribution of ARM/b-catenin along the apico-basal axis of wing disc epithelial cells within and outside the mitotic clones of sgg/GSK-3b and in the presence or absence of APCmediated sequestration. Similar to D/V boundary cells, mitotic clones of sgg M11 too show increased levels of ARM/b-catenin, which is primarily localized subapically, while some amount of the protein is visible all along the length of the cell (Figure 3a 0 ). As described above, when hAPC/CBD or hAPC/FL is overexpressed, large amount of ARM/b-catenin is localized both subapically and basally in regions of active Wnt signaling and to lesser extent along the length of the cell (Figure 3b 0 ). This bipolar distribution of ARM/b-catenin is unaltered when hAPC/CBD or hAPC/FL is misexpressed in the absence of sgg/GSK-3b (Figures 3c and e) .
To analyse the functional significance of ARM/ b-catenin sequestration by hAPC we compared adult phenotypes of loss-of-function mitotic clones of sgg/ GSK-3b with and without misexpression of hAPC/CBD. Sensory bristles of the wing margin require high levels of Wnt signaling compared to other cells of the wing blade (Neumann and Cohen, 1997) . Consistently, removal of sgg/GSK-3b function results in the formation of ectopic sensory bristles in the wing blade (Figure 4a ). We find that the mean number of discrete clones of sgg M11 per wing blade, as deduced by adult phenotype, is significantly reduced in the posterior compartment of the wing blade of flies expressing hAPC/CBD only in that compartment under en-GAL4 driver (Figures 4b and c) . Thus, these results suggest that hAPC can bind and sequester ARM/b-catenin and inhibit its function in the absence of GSK-3b activity.
Although hAPC is able to rescue loss-of-function alleles of Drosophila APC and suppress the phenotypes caused by the activation of ARM/b-catenin, overexpression of Drosophila APC is not known to sequester in wing imaginal disc expressing hAPC/CBD under en-GAL4 driver. Note increased levels of ARM/b-catenin in sgg M11 clone situated in the posterior compartment (arrowhead; n ¼ 17) compared to sgg M11 clones (asterisk; n ¼ 12) situated in the anterior compartment, wherein no hAPC is expressed. The FLP-FRT method (Xu and Rubin, 1993) was used for generating mitotic clones of sgg M11 , a null allele of sgg/GSK-3b (Perrimon and Smouse, 1989) . The FRT18A sgg M11 line (a gift from S Cohen) was used in this study. Mitotic clones were generated by inducing FLP expression by 60 min heat-shock at (i) 72-84 h after egg laying (AEL) for vg-GAL4-related experiments, (ii) 84-108 h AEL to induce clones in wild-type background and (iii) 84-108 h AEL for en-GAL4-related experiments. Immunochemical staining on larval imaginal discs was performed as described earlier (Patel et al., 1989) . Primary antibodies used were, monoclonal anti-Armadillo/b-catenin (1:60; DSHB) and polyclonal anti-b-gal (1:300; a gift from Ashok Khar, CCMB). Anti-mouse IgG conjugated with Alexa 594 (1:1000) or with Cy3 (1:500) and anti-rabbit IgG conjugated with Alexa 488 (1:1000) were used as secondary antibodies.
Role of GSK-3b in APC-b-catenin interaction PR Rao et al ARM/b-catenin. Interestingly, Drosophila and human APC share much less homology compared to Drosophila and human b-catenin (Bhandari and Shashidhara, 2001 ). Thus, our heterologous human APC misexpression system provides a convenient in vivo visual assay for observing specific interactions between overexpressed human APC and endogenous Drosophila ARM/b-catenin.
As described here and earlier, hAPC/CBD which contains all the four 15-amino acid repeats and five out of the seven 20-amino acid repeats is able to sequester ARM/b-catenin. However, hAPC truncated after the first 20-amino acid repeat does not sequester ARM/b-catenin when misexpressed in Drosophila, suggesting that a significant amount of sequestration M11 clone situated in the posterior compartment (n ¼ 11) compared to sgg M11 clones situated in the anterior compartment (n ¼ 26). Position of optical section through two sgg M11 clones, one in the anterior compartment and one in the posterior compartment is shown. This optical section is shown in e 0 . ARM/b-catenin is localized both apically and basally. Mitotic clones of sgg M11 in wild-type and en-GAL4/UAS-hAPC/CBD backgrounds were generated by inducing FLP expression by 60 min heat-shock at 84-108 h AEL. Clones in hh-GAL4/UAS-APC/FL background were generated by inducing FLP expression at 72-96 h AEL. Immunochemical staining and imaging was performed as described above.
Role of GSK-3b in APC-b-catenin interaction PR Rao et al by hAPC/CBD is due to binding to the remaining 20-amino acid repeats (second to fifth 20-amino acid repeats). Recent studies report that this part of APC is phosphorylated by GSK-3b in an Axin-independent manner (Seo and Jho, 2007) . Here, we have shown that hAPC/CBD is able to sequester ARM/b-catenin even in the absence of GSK-3b. Thus, our results provide first in vivo evidence for binding of APC to b-catenin independent of the phosphorylation of APC by GSK-3b.
Although the biochemical behavior of misexpressed hAPC in the Drosophila system is consistent with its predicted function in the human system, the results reported here needs to be validated in the mammalian system. In addition, there are possibilities of a different serine-threonine kinase phosphorylating APC prior to its binding to b-catenin. In this direction, we have analysed the ability of hAPC to sequester ARM/bcatenin in the absence of dco, Drosophila homologue of CK-1e. We observed that the ARM/b-catenin sequestration by hAPC/CBD was not affected in homozygous dco 3 clones (data not shown). As dco 3 is a hypomorphic allele, we may not have completely removed its function in mitotic clones. However, use of null allele in such analyses is limited as mitotic clones of null alleles of dco are not viable (Zilian et al., 1999) .
An extrapolation of our observations to the mammalian system indicates that GSK-3b-mediated phosphorylation of APC may only be required once b-catenin itself is phosphorylated so that it can be removed from Axin. This would allow ubiquitin-proteosome-mediated degradation of b-catenin and reuse of APC for sequestration of additional amounts of b-catenin. In such a scenario, it may be beneficial to use therapeutics that may increase GSK-3b activity to help release APC from APC-Axin-b-catenin complex so that limited amounts of wild-type APC can be recycled more frequently and thereby limiting Wnt signaling.
